A human relevant mixture induced metabolism disrupting effects in larval zebrafish. Metabolic rate at 2e5 dpf was lower in mixture-exposed fish than in control fish. Fish exposed to the mixture had a larger visceral adiposity than control fish. The mixture induced the adipocyte-expressed gene fabp11a.
Introduction
An increasing global obesity trend is observed in the human population, both in adults and children. A recent study by the Noncommunicable Diseases Risk Factor Collaboration found that around 50 million girls and 74 million boys in the age of 5e19 years were obese worldwide in 2016 (Collaboration, 2017) . The same year, 40.6 million children below the age of 5 were considered overweight or obese (UNICEF, WHO, World Bank, 2017) . Obesity is a multifactorial condition that is associated with hypertension, atherosclerosis, diabetes and other disorders. Along with known contributing factors, like unhealthy diet, insufficient exercise, and genetic predisposition, exposure to endocrine disrupting chemicals (EDCs) has been suggested to contribute to the global obesity epidemic (Baillie-Hamilton 2002). The term "obesogen" was coined a few years back (Grün and Blumberg, 2006) , referring to chemicals that disrupt lipid storage, adipogenesis, or metabolic homeostasis in a way that leads to an increased fat mass. Many obesogens are commonly used chemicals (Heindel et al., 2015) and consequently humans and animals are continuously exposed to mixtures of such substances.
Exposure to environmental stressors at an early developmental stage can interfere with metabolic programming resulting in disease later in life (Barker et al., 1993; Godfrey and Barker, 2000; Desai et al., 2013) . Barker and colleagues highlighted this when they linked low birth weight to compensatory growth in childhood and coronary heart disease and diabetes in adulthood (Barker, 2012) . Factors such as malnourishment, smoking, and ambient air pollution have all been implicated in fetal growth restriction (Gluckman and Hanson, 2004b; van den Hooven et al., 2012; Nardozza et al., 2017) . Moreover, prenatal EDC exposure has been associated with both high and low birth weight, abnormal lipid metabolism, a more rapid increase in body weight (BW) and waist circumference in the early years of life, and higher body mass index later in life (Smink et al., 2008; Halldorsson et al., 2012; Botton et al., 2016; Braun et al., 2016; Maresca et al., 2016; Harley et al., 2017; Minatoya et al., 2017; Zhang et al., 2018; Zhu et al., 2018) . Experimental studies on diethylstilbestrol, perfluorooctanoic acid (PFOA), and di(2-ethylhexyl)phthalate (DEHP) in rodents support the epidemiological findings that developmental exposure can cause long term effects on metabolism (Newbold et al., 2005; Hines et al., 2009; Gu et al., 2016) . Effects appearing in adults after fetal exposure are generally attributed to developmental programming; the fetus adapts to stimuli that occur during gestation resulting in permanent phenotypic changes that can cause problems later in life (Gluckman and Hanson, 2004a) .
White adipose tissue (WAT) is the main energy storage depot in the body. The major cell type in WAT is the adipocyte, a cell that stores fat in an intracellular lipid droplet, mainly in the form of triglycerides. White adipose tissue can grow larger by incorporating more lipids in the adipocytes (hypertrophy), by increasing the number of adipocytes (hyperplasia), or by a combination of the two. At an early age, hyperplasia is the major contributor to WAT growth, but in adulthood the adipocyte number stay relatively constant in both obese and non-obese individuals (Spalding et al., 2008) ; thus, the number of adipocytes formed during the early years sets the bar for the WAT size in adulthood. Consequently, any environmental impact on adipogenesis early in life could have long-term effects.
Cellular bioenergetic processes play a central role in normal development and metabolism. Homeostatic control of energy balance is achieved by regulation of energy intake and expenditure, and metabolic dysregulation has been linked to a number of diseases (Ren et al., 2010; Zhang and Du, 2012; Rojas-Gutierrez et al., 2017; Simula et al., 2017) . Metabolic activity can be estimated by the use of redox indicators like resazurin (Nociari et al., 1998; Rampersad, 2012; Renquist et al., 2013) . Resazurin is reduced by a number of metabolically important molecules such as NADH, NADPH, FADH, and the cytochromes (Rampersad, 2012) , and thus resazurin-based assays reflect the metabolic status of a cell.
The aim of this study was to use zebrafish to determine whether a mixture of human relevant environmental contaminants has metabolism disrupting properties. Zebrafish were exposed to the mixture in combination with a high-fat diet, from 3 h postfertilization (hpf) until 5, 14, or 17 days post fertilization (dpf). Metabolic rate, visceral adiposity, blood lipid levels, whole-body lipid levels, and mRNA expression of lipid metabolism-related genes were assessed. We found that this treatment lowered metabolic rate and increased visceral adiposity.
Material and methods

Fish husbandry
Adult wildtype zebrafish (AB) were kept in the SciLifeLab zebrafish facility at Uppsala University (http://www.scilifelab.se/ facilities/zebrafish/). Three pairs of fish were allowed to breed soon after the light was turned on in the morning, and eggs were collected 1 h later.
Experimental procedures were in accordance with the directives from the Swedish Board of Agriculture (SJVFS 2012:26) . The protocol was approved by the Uppsala Ethical Committee for Research on Animals (Dnr C 109615/16; Dnr 5.8.18e03687/2018).
Exposure
All exposures were performed via water using carbon filtered Uppsala municipality tap water with a 12-h light: 12-h dark photoperiod. Fish were exposed from 3 hpf until 5, 14, or 17 dpf (Fig. 1) . The fish were kept at a density of one individual mL À1 up to 5 dpf and at one individual 100 mL À1 from 5 dpf. To avoid contamination from compounds in plastic, glass petri dishes (3 hpf-5 dpf) or beakers (5e17 dpf) were used for exposure and the water was aerated via Pasteur pipettes (from 5 dpf). One day before exposures began, exposure solutions were added to the vials. The solutions were renewed prior to addition of the fish and daily during the experiments. Water quality parameters were monitored (mean values ± SD: temperature, 28.7 ± 0.4 C; conductivity, 524 ± 17 mS; NO 3 , <10 mg L À1 ; NO 2, < 1 mg L À1 ; NH 3, <0.3 mg L À1 ; and pH, 7.9 ± 0.4).
Chemicals
The mixture (mixture G) was designed within the EU project EDC MixRisk (http://edcmixrisk.ki.se/) as described in Birgersson et al. (2017) (preprint) and Bornehag et al. (2019) . In brief, 20 chemicals were measured in the blood and urine of pregnant women (Birgersson et al., 2017; preprint; Bornehag et al., 2019) in the Swedish Environmental Longitudinal, Mother and Child, Asthma and allergy (SELMA) study. This study follows around 2000 mother-child pairs from early pregnancy aiming to examine associations between early chemical exposure and chronic disease later in life (Bornehag, 2012) . The mixture components were selected based on their negative association with birth weight in SELMA children (Birgersson et al., 2017, preprint) . The concentrations used in this paper are expressed as "x hsc" where 1x hsc represents the geometrical mean of the serum levels in SELMA women; 2 monoethyl phthalate (MEP; CAS 2306-33-4; 28 nM), mono-butyl phthalate (MBP; CAS 131-70-4; 23 nM), mono-benzyl phthalate (MBzP; CAS 2528-16-7; 11 nM), mono-ethylhexyl phthalate (MEHP; CAS 4376-20-9; 15 nM), mono-isononyl phthalate (MINP; CAS 68515-53-7; 21 nM), triclosan (TCS; CAS 3380-34-5; 3 nM), perfluorohexane sulfonate (PFHxS; CAS 355-46-4; 3 nM), perfluorooctanoic acid (PFOA; CAS 335-67-1; 3 nM), and perfluorooctane sulfonate (PFOS; CAS 1763-23-1; 10 nM) (Birgersson et al., 2017; preprint; Bornehag et al., 2019) . The concentrations in urine were recalculated to serum concentrations (Birgersson et al., 2017; preprint; Bornehag et al., 2019) . As vehicle, dimethyl sulfoxide (DMSO; Sigma Aldrich, Saint Louis, MO, USA) was used (0.01% in water, v/v).
5-day exposures: gross morphology, gene expression and metabolic rate
In a first study aiming to examine morphological effects, embryos/larvae (3 hpf e 5 dpf) were exposed to either vehicle or mixture G at concentrations ranging from 0.1 to 180x hsc. Each concentration of the mixture was tested on forty fish, divided into two dishes. Due to the large number of concentrations tested, the first study was performed in three parts with a vehicle control in each: 1) 0.1-8x hsc. 2) 8-120x hsc. 3) 130-180x hsc. Morphological effects were only noted at 130-180 x hsc and these concentrations were tested twice. Larvae that developed edemas were immediately removed and euthanized with benzocaine. The results served as a basis for selection of concentrations for the subsequent experiments. In a second 5-day exposure aiming to determine effects on mRNA expression, embryos/larvae were exposed to 1x, 10x or 100x hsc in five replicate petri dishes per group with 20 animals in each. In a third experiment, embryos were exposed to 20x hsc as described above until 2 dpf when they were moved to a 96-well plate for examination of metabolic rate (2.3). This experiment was repeated three times with a total of 20e22 replicate petri dishes per exposure group.
First 14-and 17-day exposure: adipogenesis
This experiment aimed to investigate effects on adipose tissue development. The fish were exposed in 8 replicate vials with 10 individuals in each to vehicle, 1x, 10x, or 20x hsc of the mixture. As the mixture showed higher toxicity at longer-term exposure (indicated by a pilot study), no higher concentrations than 20x hsc were used this time. The experiment was repeated three times. Until 5 dpf, exposure was carried out as in the shorter-term exposures. At 5 dpf, the larvae were moved to beakers containing 1 L of exposure solution and feeding was initiated. Food was prepared by mixing 1 mL of feed, either Golden Pearl larval diet (size: 5e50 mm;
Brine Shrimp Direct, Ogden, UT, USA) or egg yolk powder (Sigma Aldrich), with 50 mL carbon-filtered Uppsala tap water. One mL of suspended food was added to each beaker three times a day: once with Golden Pearl and twice with egg yolk. After the first feeding of the day at 13 and 16 dpf, 4e5 fish were moved from each exposure beaker into a separate beaker. These fish were not fed during the rest of the day to prevent any stomach content from interfering with the upcoming analyses of adipose tissue (2.4 and 2.5) and mRNA expression (2.7).
Second 14-and 17-day exposure: blood lipids, whole-body lipids, and adipogenesis
Another longer-term exposure was performed aiming to investigate effects on blood lipid levels and whole-body neutral lipid levels. The fish were exposed to vehicle or 20x hsc of the mixture with 15 replicate vials per group. The exposure was performed as described above (2.2.3), with the exception that the fish were fed Zebrafeed (<100 mm; SPAROS Lda, Olhão, Portugal) instead of Golden Pearl. After the first feeding of the day at 13 and 16 dpf, 1 and 6 fish respectively were moved to a separate beaker and were then deprived of feed to prevent stomach content from interfering with upcoming analyses. The following day (14 dpf and 17 dpf), one fish per replicate beaker was stained with Nile Red for analysis of visceral adipose tissue and blood lipids in the vessels in the tail (2.4 and 2.5). The remaining five fish per replicate beaker were stained with Oil Red O (ORO) to assess whole-body neutral lipid content (2.6).
Metabolic rate assay
Metabolic rate was studied using a resazurin-based assay developed for zebrafish embryos and larvae by Renquist et al. (2013) . The assay was initiated post-hatching at 2 dpf. Six embryos per replicate exposure vial were transferred to two wells (3 fish per well) in a 96-well plate with 400 ml assay solution (4 mM NaHCO 3 and 40 mM resazurin in water) containing vehicle or mixture (20x hsc). Blanks containing assay solution without fish were included for both exposure groups. The plate was incubated at 28.5 C, with a lid to minimize evaporation and aluminum foil to protect it from light. Fluorescence measurements were performed using a Victor 3 plate reader (PerkinElmer, Boston, MA; USA) (filter: Ex 544 nm, Em 590 nm) after 2, 24, 48, and 72 h of incubation. After the last reading the fish were examined for any edemas or visible damages and subsequently euthanized with an overdose of tricaine. Any wells containing fish with edemas were excluded from analysis.
Nile red staining: adipocytes and blood lipids
Adipogenesis was studied only in the longer-term experiments since adipocytes start to form during the second week of life in zebrafish. At the day of sampling, one unfed fish per replicate beaker was placed in Nile Red (5 mg/mL water) and kept in the dark for 30 min. Before photographing, the fish were sedated with tricaine (175 mg/mL), and then put in a Petri dish with 4% carboxymethyl cellulose containing tricaine. Images of the visceral region and tail were taken using a Nikon SMZ1500 microscope (eGFP filter: Ex 470/40, DM495, BA 525/50) fitted with DS-Vi1 Nikon camera and NIS Elements Version 4 software.
Image analysis
All image analyses were performed in ImageJ (Schneider et al., 2012) and without knowledge of the exposure group. Standard length (from the tip of the snout to the posterior end of the caudal peduncle) was measured for all larvae. Adipocytes were counted in Fig. 1 . Overview of the experimental setup. Wildtype (AB) zebrafish were exposed via water to mixture G from 3 hpf to 5, 14, or 17 dpf. The concentrations used for the different endpoints are presented in parentheses and are expressed as times the geometrical mean of the serum levels in the pregnant women (x hsc).
the Nile Red-stained fish, and each fish was classified into one out of three categories based on the number of adipocytes observed: 0, 1e6, or >6. Fluorescence analysis of the visceral adipose tissue (VAT) was based on the method by Tingaud-Sequeira et al. (2011) . The amount of VAT was approximated by the mean fluorescence in the VAT area of the image, which was calculated as follows: the VAT area was selected with the selection tool in ImageJ. The average pixel intensity (API) of the VAT was measured, the API of the surrounding tissue (background value) was subtracted from it, and the resulting value was multiplied with the selected VAT area. For blood lipid analysis, the API in a dorsal aorta, just behind the cloacal opening, was measured and the API in the tissue above it (background) was subtracted. All values were normalized to the mean value of the control group in the respective experiment.
Oil Red O-staining and extraction: whole-body neutral lipids
At 17 dpf, 5 fish per replicate beaker were euthanized, pooled into one sample, fixed in formalin, and then stained with ORO as described by Riu et al. (2014) . In short, the specimens were washed with phosphate buffered saline containing 0.1% Tween 20 (PBT) and subsequently stained in 0.3% ORO in 10% isopropanol for 3 h in room temperature. The fish were washed three times in PBT and stored in 90% glycerol until the extraction was performed according to Yoganantharjah et al. (2017) . The pool of larvae was washed with PBT and the dye extracted with 250 ml of 4% (v/v) Igepal CA-630 in isopropanol. A sample containing a pool of five unstained fish was used as a blank. Each sample was vortexed briefly and then incubated for 2 h at room temperature. Finally, 200 mL of the solution was transferred into a transparent 96-well plate and the ORO absorbance measured at 490 nm with an initial shake of 5 s using the Victor 3 plate reader.
Quantitative real time RT-PCR
Relative mRNA levels of genes involved in lipid metabolism and adipogenesis were analyzed at 5, 14, and 17 dpf. In the shorter experiment, all 20 larvae in each petri dish were pooled into one sample. In the longer experiment, 3e4 unfed fish from each replicate beaker were sampled and pooled at 14 and 17 dpf. The fish were euthanized by hypothermic chock (2e4 C water), photographed for length measurements, snap frozen in liquid nitrogen, and stored at À80 C awaiting further analysis.
Isolation of RNA, cDNA synthesis, and real time qPCR were performed using commercial kits according to the manufacturers' instructions, as previously described (J€ onsson et al., 2016) . In short, total RNA was isolated using Aurum™ total RNA fatty and fibrous tissue kit (Bio-Rad, Hercules, CA, USA). Integrity of RNA was verified with agarose gel electrophoresis. The quantity and purity of RNA was determined spectrophotometrically (NanoDrop ND-1000; NanoDrop Technologies, Wilmington, DE, USA). Samples with a 260/230 ratio below 1.8 were excluded. Complementary DNA was synthesized from 0.5 mg of total RNA per sample using the iScript cDNA Synthesis kit (Bio-Rad). Gene-specific primers for real time PCR were synthesized by Sigma-Aldrich; (Table A .1). The qPCR analysis was conducted using a Rotor Gene 6000 real-time PCR machine (Qiagen, Hilden, Germany). The 20-ml reaction mixtures consisted of iQ SYBR Green Supermix (Bio-Rad), forward and reverse primers (5 pmoles of each) and cDNA derived from 12.5 ng of total RNA. All samples were analyzed in duplicate with the following PCR protocol: 95 C for 4 min, followed by 40 cycles of 95 C for 15 s and 62 C for 45 s. Melt curve analysis was performed at 55e95 C to ensure that only one product was formed. Relative mRNA levels of target genes were calculated according to Pfaffl (2001), as previously described (J€ onsson et al., 2016). As reference genes we used elongation factor 1-alpha (ef1a) in 14-and 17-dpf larvae since the mRNA expression of this gene was not affected by the treatment. In the 5-days old fish, ef1a, ribosomal protein l13 (rpl13) and aryl-hydrocarbon receptor nuclear translocator 2 (arnt2) were examined as potential reference genes. Each value was standardized to the mean value of the control group.
Statistics
Fisher's exact test followed by Benjamini Hochberg correction was used in the initial concentration-finding study to compare the number of affected vs unaffected fish. D'Agostino and Pearson omnibus normality test was used to assess normality of continuous data. If the data was normally distributed, one-way analysis of variance (ANOVA) was applied followed by Dunnett's test, comparing all groups to the control group. If the data were not normally distributed, Kruskal Wallis H test was used followed by Dunn's multiple comparison test. When only two groups were included in the experiment, an unpaired t-test was used and Welch's correction was applied when the variances differed. When the number of adipocytes were analyzed, the distribution of fish between the categories was compared between each exposure group and the control group using Fisher-Freeman-Halton exact test. Figures and statistical analysis were performed using Prism 5 (GraphPad Software Inc., San Diego, CA, USA) except for the Fisher-Freeman-Halton exact test, which was performed using R software version 3.5.2 with the RStudio version 1.1.463.
Results
Morphological effects
Mixture G was toxic to embryos and young larvae at concentrations higher than 120x hsc; fewer larvae with inflated swimbladder were observed from 130x hsc, and at higher concentrations the frequency of edemas (pericardial and yolk sac) and mortality increased (Fig. 2 ; Images of phenotypes are shown in Figure A1 ). No morphological effects were observed at lower concentrations in any of the experiments, nor was there a difference in mean standard length (Table A.2e4).
Metabolic rate
The mean amount of fluorescent product formed during the assay (2e72 h) was lower in exposed fish (n ¼ 20) than in control fish (n ¼ 22) (Fig. 3) .
Effect on adiposity at 14 and 17 dpf
A larger number of fish had at least 7 adipocytes in the group exposed to 20x hsc of mixture G than in the control group at 14 dpf (Fig. 4A) , while no effect on the adipocyte number was observed at 17 dpf (Fig. 4B) . No statistically significant difference in VAT amount was found at 14 dpf, although the mean fluorescence was numerically higher at the higher concentrations of mixture compared to the control (Fig. 5A) . Taken separately, the three repeated individual experiments (n ¼ 6e8 per experiment) did not show a statistically significant effect on the amount of VAT at 17 dpf but pooled together (n ¼ 21e22) an increase compared with the control was observed in the 20x hsc-group (Fig. 5B) .
The second 17-day study showed a similar trend of increased adiposity at 17 dpf as the first (mean fold-control value of 1.8, t-test with Welch's correction, p-value 0.08; Figure A2 ). The two data sets were not pooled since the fish in the second study were fed a different brand of feed and diet composition is known to affect adipogenesis.
Effect on blood lipids at 14 and 17 dpf
There was no difference in blood lipid levels between fish exposed to the mixture and those exposed to the vehicle. The mean fold-control value (±SD) of the exposed fish was 0.83 (±0.30) at 14 dpf and 0.97 (±0.30) at 17 dpf.
Effect on whole-body neutral lipids at 17 dpf
There was no difference in whole-body neutral lipids levels between fish exposed to the mixture and those exposed to the vehicle. The mean fold-control value (±SD) of the exposed fish was 1.00 (±0.17) at 17 dpf.
Effect on mRNA expression
At 5 dpf, no effect on mRNA expression was found for any of the genes analyzed in fish exposed to mixture G at 1 and 10x hsc. In those exposed at 100x hsc, lipoprotein lipase (lpl) and the three reference genes were downregulated. The expression of peroxisome proliferator-activated receptor gamma (pparg) showed no statistically significant change but the mean expression was numerically lower than in the control (Figure A3) .
At 14 and 17 dpf, no effect by the treatment was observed for the two appetite-related genes agouti related neuropeptide (agrp) and proopiomelanocortin a (pomca), the different ppars, lpl, and fatty acid synthase (fasn). However, at 17 dpf, the expression of fatty acid binding protein 11a (fabp11a) was increased in fish exposed to 10x or 20x hsc (Fig. 6) .
Discussion
In this study we used larval zebrafish to demonstrate the metabolism disrupting potential of a chemical mixture that has been negatively associated with birth weight in the Swedish mother-child cohort SELMA. Birth weight reflects fetal growth, and a suboptimal birth weight is associated with metabolic disease later in life (Desai et al., 2013) . Mixture G was shown to reduce metabolic rate and stimulate adipogenesis after developmental exposure at a water concentration only 20 times higher than the geometric mean value of the serum levels in the SELMA cohort.
Early exposure to some of the mixture components has been linked to metabolic effects in mammals. In a recent review and meta-analysis focusing on obesity-related outcomes in rodents, early life exposure to DEHP (the parent compound of the mixture component MEHP) was associated with increased fat pad weight, although the authors noted the need for more evidence to firmly establish obesogenic effects (Wassenaar and Legler, 2017) . Prenatal exposure of mice to PFOA, another component of the mixture, led to increased body weight and increased leptin and insulin levels in Fig. 2 . ConcentrationÀresponse relationships for embryo toxicity in 5-day-old zebrafish exposed to mixture G. Fish were exposed to the mixture (0.1-180 x hsc) from 3 hpf to 5 dpf, at which time the larvae were categorized according to phenotype: normal; lacking or having small swim-bladders (sb); exhibiting bent backs; exhibiting edemas or dead. Statistical analysis was performed on abnormal (all categories except "normal") versus normal embryos using Fisher's exact test (alpha: 0.05). The Benjamini Hochberg method was used to control the false discovery rate (Benjamini and Hochberg, 1995) . Groups that differed from each other are marked with different letters. n ¼ 40e152 larvae. Fig. 3 . Metabolic rate measured between 2 and 5 dpf in zebrafish exposed to vehicle (0.01% DMSO) or mixture G (20x hsc) from 3 hpf. A) Accumulation of the fluorescent product during the entire assay period. B) The mean total fluorescence of the product formed during the assay (2e72 h; n ¼ 20e22). The error bars represent the standard deviation. A statistically significant difference was established using unpaired t-test on square root-transformed data. ** P-value: 0.0047. adulthood (Hines et al., 2009 ). In the same study, exposure to the highest dose led to decreased pup weight at post-natal day 1. In humans, an association between perfluorinated compounds and fetal growth is not entirely clear; many studies have reported such associations but not all were statistically significant (Bach et al., 2015) . To conclude, the metabolic disruption caused by the presently studied mixture is in accordance with results from mammalian studies on some of the individual components in the mixture. Fig. 4 . Number of adipocytes formed at A) 14 and B) 17 dpf in zebrafish after exposure to mixture G from 3 hpf. The fish were classified into groups based on the number of adipocytes observed: no (0), between 1 and 6 (1e6), and more than 6 (>6). Each exposure group was compared to the vehicle control (DMSO) using Fisher-Freeman-Halton exact test. *p < 0.05. C) Representative pictures of the visceral area in a fish with 0, 1, and >6 adipocytes respectively. Exposure of zebrafish to PFOS, diethyl phthalate (parent compound of MEP), and di-isononylphthalate (parent compound of MiNP) induced lipid droplet formation in the liver (Du et al., 2009; Kim et al., 2015; Cheng et al., 2016; Fai Tse et al., 2016; Forner-Piquer et al., 2017) . PFOS, DEHP, and di-n-butyl phthalate (parent compound of MBP) also induced transcriptomic changes involving lipid metabolism in embryonic zebrafish (Mu et al., 2018; Martínez et al., 2019) . Furthermore, PFOA altered transcript levels of genes involved in fatty acid metabolism, albeit in a sex dependent manner; the genes were upregulated in males but suppressed in females after 28 days of exposure (Hagenaars et al., 2013) . In summation, several G mixture components have been shown to affect certain aspects of lipid metabolism in zebrafish in singlechemical experimental setups; however, to our knowledge, no previous study on these compounds has included direct effects on adipose tissue.
We found an increased visceral adiposity in G mixture-exposed fish but no effect on whole-body neutral lipid levels was detected. However, adipocytes are few and the adipose tissue depot is small compared to the rest of the body at the studied stage and thus whole-body lipid levels may not correlate with the size of the adipose tissue. The absence of effect on whole-body lipid levels is in accordance with a study on PFOA in which exposed fish had increased whole-body glycogen content while whole-body lipid content was unaffected (Hagenaars et al., 2013) .
Perfluoroalkyl substances have been associated with increases serum cholesterol and triglyceride level in epidemiological studies (Chain et al., 2018) while experimental studies on rodents show an Fig. 6 . Mean mRNA expression (fold-control) in zebrafish exposed to mixture G from 3 hpf to 14 dpf (A, C, E) or to 17 dpf (B, D, F) (n ¼ 13e16). Ef1a was used as a reference gene. The values are standardized to the mean of the control group. The error bars represent the standard deviation. One-way ANOVA followed by Dunnett's test was used when data followed a normal distribution and otherwise Kruskal Wallis test with Dunn's multiple comparison test was performed, comparing each group to the DMSO control. Significance levels are indicated by * p 0.05 and **p 0.01. opposite effect (Bijland et al., 2011; Wan et al., 2012; Hui et al., 2017) . PFOS has shown sex-dependent effects on blood lipid levels in adult zebrafish (Cheng et al., 2016; Cui et al., 2016) . We did not detect an effect on total blood lipid levels by the mixture.
The endogenous appetite regulating molecules neuropeptide Y and leptin influence metabolic rate. Leptin suppresses appetite (Londraville et al., 2014) . It also increases metabolic rate in rodents, as measured by oxygen consumption (Mistry et al., 1997) . It has the same effect in fish, as shown with oxygen consumption measurements and the resazurin assay used in this paper (Dalman et al., 2013; Renquist et al., 2013) . Neuropeptide Y has the opposite effect; it stimulates appetite (Stanley and Leibowitz, 1985; Narnaware et al., 2000; Aldegunde and Mancebo, 2006) and reduces metabolic rate (Walker and Romsos, 1993) . Since mixture G reduced metabolic rate in this study, it would be interesting to examine its effect on appetite.
Diet is an important factor in adipogenesis and HFD is known to stimulate development of adipocytes (den Broeder et al., 2017) . We used HFD to stimulate adipogenesis in order to enable detection of suppressing effects on fat storage and adipocyte number and to ensure that most of the fish had adipocytes at an age when few melanocytes had developed (pigmentation can interfere with the fluorescence signal). If chemicals and HFD both affect lipid metabolism and adipogenesis, potential combination effects could occur. A combination of HFD and BPA exposure resulted in increased levels of cholesterol in the liver and increased hepatosomatic index in rats, whereas BPA and HFD alone had no effect (Wei et al., 2014) .
Obesity is associated with both adipocyte hypertrophy and hyperplasia (Spalding et al., 2008) . Chemical exposures that induce adipocyte hyperplasia could therefore potentially increase the risk of developing obesity and associated disorders. An increased number of adipocytes was observed at 14 dpf in fish exposed to 20x hsc. The same effect may also have occurred at 17 dpf, but the method used does not allow discrimination of individual adipocytes in a reliable way when adipocytes become abundant. Therefore, all fish with more than six adipocytes were grouped together in the statistical analyses. The increase in lipid accumulation in the viscera of fish exposed to 20x hsc at 17 dpf could mean that a larger number of adipocytes had developed. It is also possible that the increased fluorescence reflects higher lipid content in a similar number of adipocytes, or a combination of increased adipocyte number and a higher lipid content in each adipocyte.
Messenger RNA levels of genes involved in adipogenesis and lipid metabolism were measured, showing increased expression of fabp11a, a fatty acid binding protein that is the suggested homolog to the FABP4 in mammals (Santhosh et al., 2008) . It is expressed in adipocytes, and likely also in pre-adipocytes, and has been shown to serve as a marker for zebrafish adipocytes (Flynn et al., 2009) . Two genes involved in appetite regulation, agrp and pomca, were included in the analysis since the increase in visceral adipose tissue could be caused by changes in feeding behaviour. Both genes are expressed in the hypothalamus; agrp is orexigenic (appetite stimulating) and pomca is anorexigenic. Neither was affected at the time points studied. However, more studies are needed to examine a potential effect by the mixture on food intake.
The concentration of the mixture that affected zebrafish is of high relevance as it represents levels that are found in human plasma. Noteworthy is that the 1x hsc value represents the geometric mean of the cohort, and not the women with the highest levels of chemicals in their blood. However, it is important to stress that exposure of developing fish via the ambient water cannot be directly compared with exposure of a human fetus to compounds present in the mother's blood. Most likely, the internal absolute and relative levels of the chemicals differ somewhat between the human fetuses in the SELMA cohort and the zebrafish larvae in the present study.
In conclusion, we showed that a mixture of phthalates, triclosan and perfluorinated compounds reduced metabolic rate in young zebrafish (2e5 dpf) at a water concentration that is 20 times higher than the geometric mean in serum of pregnant women in the SELMA cohort. At the same concentration it also stimulated adipogenesis at 14 dpf and increased the amount of visceral adipose tissue at 17 dpf. Furthermore, it affected mRNA expression of a potential adipocyte and preadipocyte marker at both 10x hsc and 20x hsc. Thus, this mixture is metabolism disrupting for developing fish at concentrations that are relevant for humans. The concentrations used in the study are based on levels measured in humans but the mixture is also relevant for wildlife as its chemical components are ubiquitously present in the environment (Huang et al., 2008; Dann and Hontela, 2011; Llorca et al., 2012; Net, 2014; Zolfaghari et al., 2014) . By showing these effects, we highlight the need for further experimental studies on metabolic disruption by mixtures relevant for humans and wildlife.
Conflicts of interest
The authors declare that there are no conflicts of interest. 
CRediT authorship contribution statement
